Introduction
Febrile seizures (FS) affect 2-5% children under 5 years of age and are usually associated with a viral infection not directly affecting the brain but producing a sudden rise in body temperature. An association exists with hippocampal sclerosis (HS), an important cause of temporal lobe epilepsy (TLE), although whether HS is a cause or consequence of FS has been somewhat controversial. 1 Epidemiological and recent prospective analyses of prolonged FS and febrile status epilepticus do suggest that such seizures can lead to TLE. 2 Furthermore, persisting memory impairments have now been reported in children after prolonged FS. 3 Substantial evidence implicates immune and inflammatory processes in the aetiopathogenesis of FS and HS. Interleukin-1 (IL-1) is a key pro-inflammatory cytokine and 'endogenous pyrogen'. IL-1 has a pivotal influence in the host response to infection and production of fever. Cytokine genes including IL-1 are up-regulated in experimental seizures 4 and IL-1b enhances seizure activity, 5, 6 whilst the naturally occurring IL-1 receptor antagonist (IL-1Ra) has been shown to be powerfully anticonvulsant. 7 Thus, altered regulation of either the production or biological effects of IL-1 may be a critical determinant of susceptibility to FS. It is possible Seizure 23 (2014) [457] [458] [459] [460] [461] Purpose: To investigate whether genetic variants in inflammation-related genes are associated with increased risk of childhood-onset febrile seizures. Method: Tagging single nucleotide polymorphisms (SNPs) from 19 inflammation-related candidate genes were identified and genotyped on the Sequenom platform in a sample of Caucasian childhoodonset febrile seizures cases (n = 98) compared to ethnicity, age and gender matched febrile controls presenting without seizures (n = 123). Tests for allelic association were carried out using PLINK. SNPs generating empirical P-values (P < 0.05) were analysed in an expanded Caucasian control sample (n = 2692) from the 1958 Birth Cohort.
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for example that reduced production of IL-1Ra might promote fever and a tendency to develop FS. Clinical studies suggest plasma and cerebrospinal fluid (CSF) cytokine concentrations change in FS, 8, 9 and that specific IL-1 gene polymorphisms may increase the risk of FS. 10 Innate immune responses may both combat infectious organisms and drive pathological inflammation, with inflammasome complexes, including the NLRP-3 inflammasome, being a central component of these processes via regulation of IL-1b and IL-18. 11 The purinergic P2X7 receptor (P2X7R), a plasma membrane receptor for extracellular ATP, is involved in an apparently inflammasome dependent non-classical pathway of IL-1b maturation, also involving caspase-1 activation. 12 TLR4 is a toll-like receptor which recognises bacterial lipopolysaccharide and is important in innate immune system activation, with TLR4 signalling also linked to inflammasome activation. 13 In terms of genes relevant to thermoregulation and IL-1 pathways, 3 of the most pertinent and 'inflammation sensitive' are cyclooxygenase-2 (COX-2) and membrane associated prostaglandin E2 synthase (mPGES-1), which are key PGE2 synthesising enzymes, whilst EP3 is a PGE2 receptor expressed within the CNS.
In this study, we chose to conduct an exploratory association study of SNPs from nineteen IL-1 and other inflammation-related candidate genes described above in a sample of Caucasian childhood-onset FS cases compared to ethnicity, age and gender matched febrile controls presenting without seizures. SNPs showing evidence for association were further investigated in an expanded ethnically matched control sample from the Wellcome Trust Case Control Consortium 1958 Birth Cohort (1958BC). 14 
Methods
Appropriate local research ethics committee and research governance approvals were obtained for this study. We undertook a prospective case-control association study of 157 
Cases and controls
Inclusion criteria for cases and controls were childhood febrile illness with peak recorded aural temperature >38 8C and written informed consent from a parent or guardian. Cases were additionally required to have had a seizure, classified as simple or complex, sporadic or familial as described below. Exclusion criteria for cases and controls were family history of epilepsy; history of neurological disease; history of any condition with potential to cause brain damage (e.g. birth injury); and non-Caucasian ethnic origin. In addition cases were excluded if there was evident cause of acute symptomatic seizure, either evident central nervous system (CNS) infection or metabolic disturbance, whilst controls were also excluded if there was evident CNS infection or metabolic disturbance. Cases with FS were initially compared to ethnicity, age and gender matched febrile controls presenting without seizures, as the optimal control sample. An expanded ethnically matched control sample from the Wellcome Trust Case Control Consortium 1958 Birth Cohort 14 was used for confirmatory analysis.
Febrile seizure classification
FS were classified as simple if all of the four following features were present: generalised tonic-clonic seizure activity without focal features, <15 min in duration, no recurrence within a 24 h period, and spontaneous resolution. FS were classified as complex if any of the following features were present: focal onset or focal features during the seizure, prolonged duration (15 min or longer), or recurrence within 24 h or within the same febrile illness.
Sample collection
Buccal swabs were collected from all participants, and DNA extracted as described previously. 15 DNA samples were assessed for quality using a commercially available assay (DNA OK). Additional ethnically matched unselected UK control data were obtained from the 1958 Birth Cohort, 14 genotyped on the Illumina 1.2M array.
Candidate gene and SNP selection
Nineteen genes were selected based on their putative role in the inflammatory response (Table 1) . Two hundred and seventy-eight SNPs were identified across these genes (AE10 kb flanking sequence) 
SNP genotyping
SNP genotyping was carried out by Mass-extension assay using the Sequenom (R) MassARRAY technology (Sequenom, San Diego). The Iplex assay was followed according to manufacturer's instructions (http://www.sequenom.com) using 25 ng of DNA. Assay chips were read using the Bruker Biflex III Mass Spectrometer system. Sequenom Genotype Analyser was used to manually check genotypes and to assign alleles, when possible. Data were exported from SpectroTYPER using Report Generator.
Quality control
The resulting genotype data were subject to quality control before statistical analysis. SNPs with assay failure or genotyping success rate <70% (n = 47) or Hardy Weinberg Equilibrium (HWE) in controls (P < 0.001) (n = 16) were excluded. Individuals with <75% genotyping success rate were also excluded (n = 42 cases, 34 controls). SNPs were tested for differential missingness in cases vs controls, and 14 SNPs flagged with P < 0.01. Sixteen SNPs with a MAF < 0.05 were flagged, but remained in the analyses. For redundant SNPs (r 2 = 1) genotyped in case of assay failure, one SNP was retained for analysis based on tests for HWE in controls, differential missingness between cases and controls, and genotyping success rate. Quality control of the 1958 Birth Cohort data was based on the WTCCC recommended cut-offs; call-rate, heterozygosity, ancestry, discordant gender information, and duplicated or related samples for samples, and for SNPs; minor allele frequency, HWE, missingness and tests for plate association.
Statistical analysis
Allelic case-control association tests were conducted in PLINK v1.07 (PLINK, a tool set for whole-genome association and population-based linkage analyses) (http://pngu.mgh.harvard.edu/purcell/plink/). 16 Empirical significance levels were calculated using 10,000 permutations, generating pointwise (per SNP, EMP1) and familywise (controls for the number of SNPs tested, EMP2) significance levels, whilst preserving the correlational structure between SNPs. For SNPs generating pointwise empirical P < 0.05 in the FS case-control analysis (unadjusted for multiple comparisons), additional allelic association tests were carried out in PLINK in the subset of cases with simple FS, and using an expanded Caucasian control sample from the WTCCC 1958 Birth Cohort. 14 
Results

Febrile seizures analysis
After genotyping and quality control, 98 FS cases (n = 78 simple and n = 20 complex FS), 123 FS controls and 181 SNPs were included in the analysis. Six SNPs generated empirical pointwise significance values P < 0.05 in the FS case-control analysis in the P2X7R (purinergic receptor P2X7), TLR4 (toll-like receptor 4), IL6R (interleukin 6 receptor) and PTGER3 (prostaglandin E receptor 3, subtype EP3) genes ( Table 2 ). The most significant result was for rs208294, a missense C>T SNP creating a histidine to tyrosine (H155Y) change in exon 5 of P2X7R (transcript variant 1, NM_002562) (empirical P = 0.009, OR = 0.58, 95% confidence interval [CI] 0.37-0.91). None of these 6 SNPs were flagged for case-control missingness P < 0.01. Analysis of the subset of 78 cases with simple FS generated similar empirical pointwise significance values P < 0.05 for the three SNPs in P2X7R (rs208294), PTGER3 (rs1409162) and TLR4 (rs5030717), suggesting that this subset of FS cases may be driving this association (data not shown). However, no SNPs remained significant (P < 0.05) after correcting for the number of SNPs tested.
Results of expanded analysis using the 1958 Birth Cohort
For 4 of the 6 SNPs generating pointwise empirical P < 0.05 in the FS case control analysis, further analyses were carried out in an expanded Caucasian control sample using genotype data from the WTCCC 1958 Birth Cohort (n = 2692).
14 Three of the 6 SNPs (rs208294, rs5702 and rs1409162) were directly genotyped by the WTCCC on the Illumina 1.2M array, whilst rs10752641 is perfectly correlated with genotyped SNP rs4240872 (r 2 = 1, HapMap CEU, rel 22) . No proxy (r 2 = 1) was available for rs5030717 or rs1718134, so these two SNPs were not analysed further. Ninety-eight FS cases and 2815 combined FS and 1958BC controls were included in this analysis.
The results for missense SNP rs208294 in P2X7R were supported in the expanded case-control analysis (pointwise P = 0.009, OR = 0.63, 95% CI 0.45-0.89) ( Table 2 ). This association remained significant after controlling for the number of SNPs tested (P = 0.039). SNP rs208294 shows low linkage disequilibrium with surrounding SNPs in the P2X7R gene, including the two flanking SNPs genotyped in this study (r 2 = 0.22 with both rs6489794 and rs1186055, HapMap CEU rel 28). The results for the other three SNPs were not supported in the expanded case-control analysis using the 1958 Birth Cohort controls.
Discussion
In this study, we investigated whether genetic variants in inflammation-related genes are associated with increased risk of childhood-onset FS. We identify 6 SNPs in the P2X7R, TLR4, IL6R and PTGER3 genes that show nominal association, the most significant result being seen with a missense SNP rs208294 in P2X7R, which is confirmed in an expanded case-control analysis. The occurrence of FS in only a proportion of children with febrile illness points to host factors being important determinants of FS, in keeping with the concept of genetic susceptibility. The pyrogenic response to an inflammatory stimulus results from a complex series of interactions involving neural, endocrine and immune systems. 17 Prostaglandins and cytokines involved in central and peripheral mechanisms associated with fever might have a role in FS. Conceivably, variations in genes relevant to activation of innate immune mechanisms, the regulation of inflammation and thermoregulation, might influence susceptibility to FS.
Our study identified nominal association of six SNPs to FS in the P2X7R, TLR4, IL6R and PTGER3 genes. The most significant association was to a missense C>T SNP creating a histidine to tyrosine change (H155Y) in exon 5 of P2X7R (transcript variant 1), with the C allele being the risk allele in FS cases. This association of P2X7R rs208294 was supported in an expanded analysis including additional control samples from the 1958 Birth Cohort. The P2X7R gene encodes for a purinoceptor for ATP which functions as a ligand-gated ion channel and is responsible for ATP-dependent lysis of macrophages through the formation of membrane pores permeable to large molecules. A recent study has reported that the T allele of rs208294 confers enhanced P2X7R receptor function, resulting in increased ATP and calcium uptake and increased IL-18 and IL-1b release from monocytes in patients with rheumatoid arthritis. 18 Previous associations of this gene have been also reported in candidate gene studies including major depressive disorder, 19 graft-vs-host-disease 20 and tuberculosis, 21, 22 although no studies have reported significant association of this SNP or gene at a genomewide significance level. 23 There have been a number of previous IL-1 single nucleotide polymorphism association studies in epileptic disorders. One Human Genomic Epidemiology study and meta-analysis assessed the association of the IL-1b promoter region IL-1b-511T SNP (rs1799916) with TLE, TLE with HS, FS and other epileptic disorders. 24 This showed a modest association (OR 1.48; 95% CI 1.09-2.00, P = 0.01) between the IL-1b-511T SNP and TLE with HS. A significant association was reported between the IL-1b-511T SNP and sporadic simple FS. 25 Our study did not identify any association to IL-1 genes in FS. Although we did not test the IL-1b-511T SNP (rs1799916) directly, we did genotype rs16944, only 550 bp 5 0 of rs1799916 and in the same haplotype block, and this SNP did not show any evidence of association.
Previous studies have variably distinguished simple and complex FS. This is an important consideration because the associations with chronic epilepsy syndromes, including TLE with HS, differ between simple and complex FS. Contributory factors may well differ between simple and complex FS. Our analysis of the subset of cases with simple FS suggests that this subset may be driving the associations identified, although sample numbers were too small to provide conclusive evidence, or to examine the subset of cases with complex FS.
It has been suggested that a 'systems biology approach' is needed to investigate the intricate genome-proteome-metabolome interaction in unravelling FS susceptibility. 17 We have conducted an exploratory case control association study using a candidate gene approach to investigate whether genetic variants in 19 inflammation-related genes are associated with increased risk of childhoodonset FS. This is the most extensive study conducted to date in FS in terms of number of inflammation-related genes investigated, although we recognise that this study lacked power to detect genetic variants of moderate effect. Notwithstanding this limitation, our results suggest that coding variation in the P2X7R gene may contribute to susceptibility to childhood FS. In order to replicate this finding and to pursue further investigation of this complex area it is likely that large multicentre studies involving thousands of cases will be required, also including other ethnicities, and potentially adopting a genome wide association study approach. The identification of relevant inflammatory mediators might open up new therapeutic targets.
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